Summary. The relation between the active potassium influx in the human red blood cell and the extracellular potassium concentration does not appear to be consistent with the Michaelis-Menten model, but is adequately described by a model in which two potassium ions are required simultaneously at some site or sites in the transport mechanism before transport occurs. The same type of relation appears to exist between that portion of the sodium outflux that requires the presence of extracellular potassium and the extracellular potassium concentration. Rubidium, cesium, and lithium, which are apparently transported by the same system that transports potassium, stimulate the potassium influx when both potassium and the second ion are present at low concentrations, as is predicted by the two-site model.
Introduction
The human red blood cell concentrates potassium and extrudes sodium against electrochemical gradients. The magnitude of both the active potassium influx and of a portion of the sodium outflux is a function of extracellular potassium concentration. The form of this relation has been of considerable interest. Shaw (1) , using the horse red blood cell, and Glynn (2), using the human red blood cell, have reported that the relation between the active potassium influx and the extracellular potassium concentration can be adequately described by a model of the Michaelis-Menten type. Glynn (2) has also shown that in the human red blood cell the re-lation between the magnitude of that portion of the sodium outflux that is dependent on the presence of extracellular potassium and the potassium concentration is adequately described by a Michaelis-Menten model. Hoffman (3) , however, has found that, in the rat red blood cell, a plot of sodium outflux against extracellular potassium concentration yields a sigmoid curve, which is inconsistent with the Michaelis-Menten model. He has interpreted this as indicating that more than one potassium ion is required for activation of the transport system. We have reinvestigated the relation in the human red blood cell and have found that, at low extracellular potassium concentrations, the situation is similar to that in the rat red blood cell. We have interpreted this in terms of a model in which the simultaneous presence of two potassium ions is required at some site or sites in the transport system in order for that system to perform.
It has been shown that rubidium and cesium are concentrated within the human red blood cell, and the transport of these ions appears to be competitive with the transport of potassium so that it has been proposed that all are transported by the same system (4) (5) (6) . McConaghey and Maizels (7) have reported similar findings in human red blood cells whose internal ionic com-65 position was altered by exposure of the cells to lactose solution in order to render the cell permeable to cations, and subsequently to calcium to restore membrane impermeability. In addition, they have presented evidence that in this preparation lithium is actively transported inwardly, and the lithium influx is competitive with potassium influx. We have found that the behavior of the active potassium influx in the presence of rubidium, cesium, and lithium is consistent with a model requiring the simultaneous presence of two potassium ions.
Methods
Glossary. In this paper, the following symbols will be used. M represents unidirectional flux. The superscript to the left of M will be either i or o to indicate influx or outflux, respectively. Superscripts to the right of M will be T for total, P for the active component of transport ("pump"), or L for the passive component of transport ("leak"). Subscripts will indicate the ion whose flux is under discussion. The lower case letter, k, will indicate the rate constant.
iMKT is total potassium influx (millimoles per liter red blood cells per hour). iMxL is that portion of the potassium influx attributable to nonenergy-requiring diffusional processes (millimoles per liter red cells per hour). iMkP is that portion of the potassium influx due to energy-requiring processes, i.e., iMKT -iMKL ( [Ko] is the concentration of potassium in the medium (millimoles per liter red cells per hour per millimole per liter K.). okNa is the "rate constant" for sodium outflux, i.e., the fraction of the total intracellular sodium extruded each hour (hour-').
Okx is the "rate constant" for potassium outflux, i.e., the fraction of the total intracellular potassium extruded each hour (millimoles per liter red cells per hour per millimole per liter Ki).
Solutions. All salt solutions were made up to an osmolality of 295 1 Potassium inflx studies. To obtain an estimate of both the active and nonactive components of the potassium influx, we had to obtain cells depleted of ATP and cells in which ATP levels had been restored. Venous blood from human volunteers was obtained with heparin (500 U per ml) as the anticoagulant. The cells were separated by centrifugation and plasma and buffy coat removed by aspiration; the cells were then washed (by resuspension, centrifugation, and aspiration of the supernatant) six times in an isosmotic NaCl solution (to reduce intracellular glucose). The cells were placed, at approximately 20% hematocrit, in a solution consisting of 10% glycylglycine-MgCO3 buffer solution, 1% sodium phosphate buffer solution, 69% KCI solution, 20% NaCl solution, 2 million U per L Na penicillin G, and 2 g per L streptomycin sulfate. The cells were incubated in this solution at 370 C for 15 to 20 hours (to deplete intracellular ATP stores); the solution was changed once after 6 hours of incubation. The depleted cells were then separated from the incubating solution, washed three times in isosmotic NaCl solution, and divided into two parts. Half were placed in a solution composed of 10% glycylglycine-MgCO3 buffer solution, 1% sodium phosphate buffer, and 89% isosmotic NaCl solution. The other half were placed in a similar solution containing, in addition, glucose, 500 mg per 100 ml; adenine, 3 mmoles per L; and inosine, 10 mmoles per L. Thus, half of the cells remained depleted of ATP and were used in the determination of passive potassium influx; in the other half ATP levels were repleted, and these were used in the determination of the total potassium influx. At the end of 2 hours of incubation at 370 C in these solutions, the cells were separated, washed three times in an isosmotic NaCl solution, and finally added to the appropriate solutions for determining potassium influx. The intracellular sodium concentration after these manipulations remained approximately normal, i.e., 8 to 15 mmoles per L red blood cells.
Cells prepared as described above were placed at less than 5% hematocrit in the appropriate prewarmed (370 C) experimental solutions containing 42K. The system was allowed to equilibrate for approximately 30 minutes, and a sample was poured into ice-cold tubes. The cells were rapidly separated from the supernatant at O°C and washed three times in ice-cold MgCl2 wash solution; the entire process consumed approximately 30 minutes. The cells were hemolyzed, brought to standard volume with distilled water, and counted in a well-type scintillation counter; a sample of supernatant was similarly counted. A second specimen was taken exactly 1 hour after the first and treated in exactly the same manner. The quantity of cells counted was determined by bringing the sample counted to 25 ml and determining the hemoglobin concentration by the cyanmethemoglobin method. The volume of cells counted was estimated assuming that 100 ml of cells con-tained 34 g hemoglobin. Potassium influx was calculated with the relation, iMK = 2KG*-K0 [a] where ' The outflux rate constant, OkNa (i.e., the portion of the intracellular sodium extruded in each hour), was calculated by a method devised by Hoffman (8 where Na.* is the activity of each supernatant in counts per minute per milliliter, and Nam* is the activity of the medium; the relation is derived with the stipulation that the hematocrit be low (<ca. 0.3%7). Values of In 1 -(Na.*/Nam*) 1 -fractional hemolysis are plotted against t, and okNa (the rate constant) is the slope of the line calculated by the method of least squares.
Potassium outflux studies. Determinations of potassium outflux were made in a manner similar to that described for sodium outflux studies except that the cells were loaded with 42K by incubating at 370 C for 12 to 18 hours in a solution containing sodium phosphate buffer solution, 9%; isosmotic NaCl solution, 81 %; and the remainder KCl solution containing 42K. Glucose was present at a concentration of 500 mg per 100 ml; penicillin G, 2 million U per L, and streptomycin sulfate, 2 g per L, were also present. The cells were added at a hematocrit of 25%. After the cells had been washed in isosmotic NaCl solution, they were added to the appropriate experimental solutions at a hematocrit of 0.2% or less. After a 15-minute period of equilibration, samples were taken hourly over a 3-hour period. The samples were treated as described above for sodium outflux studies, and calculations were performed in a similar fashion. Potassium outflux (millimoles per liter red cells per hour) was obtained by multiplying the value so obtained by the intracellular potassium concentration (millimoles per liter red cells). The "rate constant" for potassium outflux, okK (millimoles per liter red cells per hour per millimole per liter K,), was then calculated by dividing the value for the potassium outflux by the value for the intracellular potassium concentration expressed as millimoles per liter cell water. hemoglobin concentration in grams per 100 ml, Hgb8 is the hemoglobin concentration in the suspension in grams per 100 ml, and Hct8 is the hematocrit of the suspension in milliliters cells per 100 ml suspension.
Electrolyte concentrations were estimated with the Baird DB 4 flame photometer. Freezing point determinations were made with the Fiske osmometer. Counting was performed by the Packard Autogamma; in general 10,000 counts was accumulated, although at times it was not possible to accumulate this many. 42K and 24Na were obtained commercially as the chlorides.2
Determination of the passive potassium influx. To estimate the active potassium influx from the unidirectional flux studies, one must determine the total potassium influx and subtract from it a value for the passive potassium influx. Shaw (1) and Glynn (2) Schatzman (11) has shown that the cardiac glycosides and aglycones inhibit the active movements of sodium and potassium in cold stored red cells, and these drugs have been used to separate the active fluxes of potassium and sodium from the passive fluxes. We have utilized the aglycone strophanthidin; maximal inhibition in ATP-rich red cells under the circumstances we utilized is obtained at a final strophanthidin concentration of 10-5 mole per L at an extracellular potassium concentration of 16 mmoles per L. In all studies reported here, strophanthidin, when present, is at a final concentration of 104 mole per L. Figure 1 represents a plot of potassium influx vs. extracellular potassium concentration in ATP-rich cells in the presence of 10-4 M strophanthidin; the experiment is typical of six determinations. It does not conform to the requirement that the influx be proportional to the external potassium concentration; rather, the influx rises more rapidly at low extracellular potassium concentrations than at high, i.e., the system demonstrates saturation kinetics. Similar results were obtained by Glynn (12) utilizing scillaren. The simplest explanation for this behavior is that the aglycone does not completely inhibit the active influx. (2) from the flat portion of the curve of potassium influx vs. extracellular potassium concentration. Two explanations for this discrepancy might be offered. In Glynn's measurements, extracellular potassium was raised by lowering extracellular sodium; it is possible that the lower extracellular sodium may have altered membrane permeability to potassium. Secondly, in our experiments the measurements were made after 18 hours of incubation in the absence of glucose, whereas Glynn's measurements were made in fresh cells; either the prolonged preincubation or the depletion of energy stores may have led to increased membrane permeability to potassium.
Values for active potassium influx reported here were obtained by subtracting values for passive potassium influx obtained in depleted cells exposed to 10-4 M strophanthidin from values for total potassium influx obtained in repleted cells not exposed to strophanthidin.
Theoretical. The results to be described below may be interpreted in terms of a model in which potassium ions are required at two "sites" in the active transport system before either active potassium influx or that portion of the sodium outflux that is dependent on the presence of external potassium can occur. Such a system may be represented as: ki
) XK +Ki, [1] Let us assume that there is a substance I, different from potassium, which is transported by the same system that transports potassium. Qualitatively, one might expect that, if potassium influx is measured, the substance I will behave as a competitive inhibitor, i.e., as the concentration of I increases at constant external potassium concentration, 'MKP will decrease. However, at very low potassium concentrations, I may substitute for potassium at one of the sites and the potassium influx might increase at low external concentrations of I. The system may be represented as:
where X is a component (or interrelated components) of the transport system, present in limited quantities, and requiring the presence of two potassium ions; K. is extracellular potassium; and Ki is intracellular potassium.
1MKP (active potassium influx) = k5 X2K. k5 is obviously a complicated term that depends on the rapidity of the transfer of the complex from the outer to the inner surface of the membrane, the velocity of dissociation of potassium from the complex at the inner surface, and the rapidity with which X again becomes receptive to combination XTK kg XT + Ki XTI k1o XT + Ii. [7] [8] [9] [10]
[11] [12] Again assuming that kg and kjo are considerably less than the other rate constants so that the system! is at equilibrium, one may obtain: 'MKP = , [13] Figure 3A , and a straight line rather a parabola in the plot of Since these experiments were performed with c~ribed depleted cells and depleted-repleted cells, and since KCl solution was replaced by a solution containing 80% MgCl2 solution and 20% glycylglycine-MgCO3 buffer solution, it might be argued that the deviation from Michaelis-Menten kinetics described here was due either to the presence of increasing concentrations of magnesium or to the use of depleted-repleted cells.
To eliminate these possibilities, we measured potassium influx in freshly drawn cells suspended in an incubation medium containing only sodium and potassium as cations, the potassium in the flasks at low concentration being replaced by sodium. In Table III the results of the experiment on three specimens are listed. The data demonstrate that the "rate constant" for total potassium influx, ikKT, increases as the external potassium concentration increases from 0.24 to 1.30 ASSIUM mmoles per L. This is in accordance with the CELLU-prediction made from Equation 20 , but not that E SAME made from Equation 18 . Therefore, the be- picted in Figure 5 ; the experiment was performed three times with similar results. The quantity on the abscissa, OkNaAK, is the difference between the "rate constant" for sodium outflux measured at a particular extracellular potassium concentration and the "rate constant" for sodium outflux measured in the absence of extracellular potassium. The data are well described by a curve of the form,
The curve was obtained from the data by the method of least squares. Figure 6 demonstrates a reciprocal plot of the same data, and again the form of the curve that describes the data is parabolic, and of the form of the reciprocal of Equation 21 .
The active potassium influx in the presence of rubidium, cesium, and lithium. Figure 7 represents a plot of the reciprocal of the active potassium influx vs. the reciprocal of the extracellular potassium concentration from an experiment in which the active potassium influx was measured in the presence and absence of 2.5 mM rubidium at varying extracellular potassium concentrations; it is typical of three experiments so performed. The curve in the absence of rubidium is again a parabola, but in the presence of 2.5 mM extracellular rubidium it has been converted to a straight line; the curves were fitted from the data by the method of least squares. If the results of this experiment are plotted directly as active potassium influx vs. extracellular potassium concentration, the curve in the absence of rubidium is again sigmoid, whereas that in the presence of 2.5 mM extracellular rubidium is hyperbolic. Cesium behaves similarly except that the curve of the reciprocal of active potassium influx vs. the reciprocal of the extracellular potassium concentration in the presence of 2.5 mM extracellular cesium is not completely straight, possibly due to the low affinity of cesium for the transport system.
If extracellular potassium concentration is held constant at a low value and active potassium influx measured at varying extracellular concentrations of inhibitor, where the inhibitor is rubidium, cesium, or lithium, the model predicts that the relation will be of the form of Equation 14 The solutions in which the measurements in the presence of rubidium were made were identical except that they contained (mmoles per L) Rb+, 2.5; glycylglycine, 32 -_ 26;
and Mg++, 15 -. 5. As the concentration of potassium increases, the concentrations of glycylglycine and of magnesium decrease. Figure 8 depicts the results of such experiments; it is typical of three such determinations. In each case the active potassium influx at first increased with increasing concentration of inhibitor, and then decreased. The curves are well described by curves of the form of Equation 14 ; the curves were fit to the data by trial and error. Figure 9 is a plot of the reciprocal of the active potassium influx vs. the extracellular concentration of inhibitor, and again the data are well described by curves of the form of Equation 15 . it might represent the entire transport process or only a small component of the process. The only requirement of the model is that potassium is required simultaneously at two "sites" and that both "sites" are saturable. It is possible that more than two potassium sites are involved, but it does not appear necessary to invoke more than two to obtain curves that fit the data. From our data it is not possible to determine whether the two sites have identical characteristics or whether they are different; such information might be obtainable from investigation of the effects of inhibitors.
The behavior of this system does not appear to be unique. Similar kinetic behavior has been reported by Jacquez (13) in the amino acid transport system of the Ehrlich ascites tumor cell. The system actively transports L-tryptophan, and the uptake of tryptophan when it is present at low concentrations is inhibited by alanine and several other amino acids at all concentrations of the competing amino acid. However, if methionine is used to compete with tryptophan, and the tryptophan is present at low concentrations, the initial flux of tryptophan is at first stimulated as the methionine concentration in-creases and then inhibited as the methionine concentration continues to rise. Jacquez (14) has discussed this behavior in terms of two models, either of which will explain it. Both involve a carrier system. In the first, the carrier has a site for one amino acid, but an exchange reaction may occur, i.e., S + C v CS I + C CI CI+ S =CS +I, where S is the amino acid in question, I the inhibiting amino acid, and C the carrier. From this it can be seen that, depending on the relative affinities of the two substances for C, the concentration of CS may be higher in the presence of I than in its absence. If the influx, then, is proportional to the concentration of CS, it would be expected that low concentrations of I would initially stimulate the influx of S. Jacquez points out, however, that such a system would not explain the dependence of the flux on the square of the concentration of S. Jacquez' second model involves a carrier with two sites for amino acids and is similar to the model presented here.
The involvement of more than one ion in a transport system has also been reported. Keynes and Swan (15) , Mullins and Frumento (16) , and Keynes (17) have shown that in frog muscle sodium outflux is proportional to the third power of the intracellular sodium concentration at low intracellular sodium concentrations, and this has been interpreted as indicating that three sodium ions are simultaneously transported outward in this system by a carrier with three sites that must be filled for transport to occur. In lactose-treated human red blood cells, McConaghey and Maizels (7) have reported that a plot of the rate constant for sodium outflux against intracellular sodium concentration yields a curve with a maximum at an intracellular sodium concentration of 10 mmoles per L. These findings would be consistent with an interpretation that more than one sodium ion is required for transport to occur.
It has been shown that a portion of the active sodium outflux requires the presence of extracellular potassium (18) and that the magnitude of this portion of the sodium outflux increases with increasing concentration of extracellular potassium until a limiting value is reached (2) . Factors that affect the active potassium influx, such as cardiotonic steroids, appear to have similar effects on the potassium-dependent component of sodium outflux so that the concept of a coupled transport of sodium and potassium has been proposed (19) . The results presented here are consistent with such a hypothesis, since the form of the relation of both the active potassium influx and the potassium-activated sodium outflux to the extracellular potassium concentration is the same. In the human red blood cell, Sen and Post (20) have described a "transport cycle" in which two potassium ions are transported inward and three sodium ions outward, and one ATP is split. The ionic ratios have been postulated on the basis of "coupling ratios," i.e., the number of millimoles of sodium actively transported outward divided by the number of millimoles of potassium actively transported inward. Post and Jolly (21) report for this ratio a value of 1.5 from which they conclude that three sodium ions are transported outward and two potassium ions are transported inward simultaneously. Whittam and Ager (22) have simultaneously measured sodium and potassium fluxes and ATP consumption, and they conclude that very nearly two potassium ions are transported per ATP split, and very nearly three sodium ions are transported per ATP split. Our evidence is not inconsistent with the Post hypothesis; in fact, the type of kinetics described here would necessarily follow from it. However, the fact that two potassium ions are required for the active potassium influx to occur does not necessarily mean that both are simultaneously transported. In fact, the model in the theoretical section states that only one of the two ions is transported inward whereas the other serves as a sort of activator of the system; the predictions would be the same, however, if both ions were transported inward.
It is of interest that the kinetic behavior of this system is reminiscent of the behavior of the allosteric proteins (23) . Such proteins are thought to contain more than one site: one, the active site, will bind one species, e.g., a substrate; and a second nonoverlapping site will combine with some other species, thereby inducing a conformational change in the protein and so alter-ing the affinity of the first site for the substrate. In terms of the model presented above, it might be postulated that a potassium ion combines with a site on a membrane protein thereby inducing a conformational change in the protein; a second potassium ion would combine with the second site inducing a further conformational change that results in the deposition of potassium inside the cell. Squires (24) has investigated the activity of an Na+-and K+-activated ATPase from rat brain as a function of sodium, potassium, magnesium, and ATP concentration and has interpreted his results in terms of allosteric effects. Hokin and Yoda (25) have also discussed a complicated interaction between potassium, diisopropylfluorophosphate, ATP, strophanthidin, and an Na+-and K+-activated ATPase from beef kidney in terms of allosteric effects. It is of interest that such a hypothesis has much in common with Goldacre's proposal (26) that transport processes are mediated by foldings and unfoldings of specialized proteins; it is also of interest that Ohnishi (27) has described the presence of actin-and myosin-like proteins in the red cell membrane.
